We study all extensions of the Standard Model (SM) with a vector dark matter (VDM) candidate which can explain the peak structure observed by recent DAMPE experiment in electron-positron cosmic-ray spectrum. In this regard, we consider all leptophilic renormalizable VDM-SM interactions through scalar, spinor, and vector mediators. We show that only two out of six possible models could produce DAMPE signal by annihilation of VDM with the mass about 1.5 TeV in a nearby subhalo whilst simultaneously satisfying constraints from DM relic density, direct/indirect detection, and the collider bounds. * syaser.ayazi@semnan.ac.ir
Introduction
In a recent report, the DAMPE collaboration [1] released measurements of the electron-positron spectrum in the energy range 25 GeV to 4.6 TeV with high energy resolution and low particle background. Although DAMPE data confirm the measurements of the AMS-02 [2] and Fermi-LAT [3] in a wide energy range (below 1 TeV), the spectrum seems to have a tentative sharp peak above the background at around 1.4 TeV [1] . While this excess could be a statistical fluctuation [4] , the extensive discussion on the possible theoretical and experimental explanation of the DAMPE excess with both astrophysical origin [5] or DM origin [6] have been proposed.
The monoenergetic electron in the energy 1.4 TeV implies local sources of electrons/positrons, because TeV electrons can only travel by a small distance (kpc) in the Milky Way due to strong radiative cooling process of high energy cosmic-ray electrons. Therefore, if this excess emanates from DM, the source of such high energy and monoenergetic electrons is located at the vicinity of the solar system [7] . One possible way to describe electron-positron excess is that the DM particles annihilate into leptons and the mass of DM particles are about 1.5 TeV if the nearby DM subhalo locates 0.1 − 0.3 kpc away from solar system and the DM annihilation cross section is σv ∼ 3 × 10 −26 cm 3 /s [7] .
Here, we explain the DAMPE electron excess by attributing to the VDM annihilations in the near of the solar system. The VDM and some of its theoretical and phenomenological impacts has been extensively studied in literatures [8] . In this regard, we classify all renormalizable VDM models with leptophilic interactions in which a massive particle with spin 0, 1/2, or 1 plays the role of mediator between dark side and the SM leptons.
The rest of this paper is organized as follows: In the next section, we extend SM with the set of simplified leptophilic vector dark mater models that couple with scalar, spinor or vector mediators. In Sec. 3, we introduce the conditions for explaining the DAMPE electron excess in the models. In this section, we also discuss phenomenological constraints such as anomalous magnetic moments of leptons, direct detection, indirect detection and collider constraints on the parameter space of the models. The combined analysis for DAMPE excess and phenomenological constraints in parameters space are given in Sec. 4. Finally, we make a conclusion in Sec. 5.
Vector dark matter models
In this paper, we consider a model-independent approach in which we study all renormalizable interactions via a massive spin 0, 1/2, or 1 mediator between VDM particles and the SM leptons.
In our study a single species of VDM is responsible for both DAMPE excess and the DM relic density. We study the following six possible interactions between VDM and SM leptons which satisfy Hermiticity, Lorentz invariance, and renormalizablity, 
where X µ is the VDM candidate, and, φ, V µ , and ψ are scalar, vector, and (Dirac) spinor mediators, respectively. In our analysis, we have assumed universal couplings between the mediators and the SM leptons. To keep it simple, we have avoided mixing between generations.
We also define the dimensionless coupling g φ = µ M X , so that all parameters be dimensionless. In the case of spin 0 mediators (model 1 and 2), couplings between the scalar field and only left-handed neutrinos are zero. For the right-handed neutrinos, considering see-saw mechanism, Yukawa couplings between light mass eigenstates and the scalar mediator would be suppressed by lightness of neutrino masses or equivalently the seesaw scale. Since X µ is neutral with no electric charge, for spin 1/2 mediators (model 5 and 6), the spinor ψ has positive electric charge (and couples to photon), that is, equal but opposite to the charged leptons. Therefore, X µ and neutrinos can not couple together via charged spin 1/2 mediators. However, in the case of spin 1 mediators (model 3 and 4), the vector mediator, V µ , can couple to the both charged leptons and left-handed neutrinos by a vector or axial-vector interactions. Because in any SU(2) invariant theory, the coupling between neutrinos and the vector mediator is generally non-zero. However, in the following we show that model 3 and 4 can not explain DAMPE excess, therefore we do not consider Yukawa interactions between the vector mediators and neutrinos in model 3 and 4. In each one of models 1 to 6, we only consider a single mediator and a single species of VDM in which the lepton-mediator interactions is either completely scalar (vector) or completely pseudoscalar (axial-vector), but not a mixture. As we mentioned before, we assume universal couplings only between charged leptons and the mediators. Furthermore, no tree-level mixing between the SM Z-boson and VDM has been assumed. We have also ignored tree-level mixing between φ and the SM Higgs boson. Also note that for models 5 and 6, in order to avoid DM decay, we should have M ψ > M X . Regarding this constraint X µ will be stable and can serve as DM.
DAMPE electron-positron excess
DAMPE measurements of the cosmic electron-positron flux exhibit a sharp resonance near 1.4 TeV which hints DM annihilations (or decays) in a DM subhalo located close to the solar system with an enhanced DM density. Because this sharp resonance in the DAMPE data occurs around 1.4 TeV, we take the VDM mass to be 1.5 TeV. In order to produce DAMPE peak, one requires DM subhalo with a density about 17-35 times greater than the local density of DM at a distance of ∼ 0.1 kpc [7] . Moreover, DM annihilation cross section should not be suppressed by velocity (σv ∼ v 2 ).
In models 1 to 6, we take σv ≃ [2.2 − 3.8] × 10 −26 cm 3 /s as a constraint required to explain DAMPE excess. On the other hand, according to Planck collaboration DM relic density is Ωh 2 = 0.120±0.001 [9] which translates into a strict relation between the couplings and mediator masses. In Figs. 1 and 2, we depict DM annihilation cross section against the mediator mass for the parameters satisfying DM relic density. We have obtained DM relic density and annihilation cross section using micrOMEGAs public code [10] . For models 3 and 4, DM annihilation cross section will be suppressed by velocity and we obtain σv ≃ 10 −31 cm 3 /s, which excludes the whole parameter space. In these models, the s-wave DM annihilation to leptons is absent. Hence, as the p-wave term is suppressed by a factor of the DM velocity squared, the annihilation cross section is not large enough to produce DAMPE signal. Note that only the parameter space for which the contribution of DM annihilation to leptons is more than 30 percent is depicted.
However, for models 1, 2, 5, and 6 only a small region of the parameter space will be excluded.
In Fig. 1 , for models 1 and 2 there are two noticeable dips at M φ ∼ M X (at which annihilation proceeds through a t-channel resonance) and at M φ ∼ 2M X (at which annihilation proceeds through an s-channel resonance). In these cases reduced couplings are required to get the relic density constrained by Planck data. Note that, in ref [11] there is only one dip where annihilation proceeds through an s-channel resonance. Furthermore, in this reference, mediator masses around s-channel resonance are excluded, while in our calculations this region is consistent with σv ≃ [2.2 − 3.8] × 10 −26 cm 3 /s and could explain the DAMPE excess. 
Anomalous magnetic moments of leptons
In this section, we investigate constraints on the parameter space of the models which are imposed by the measurement of anomalous magnetic moments of leptons. Since in our models, VDM particles interact with the SM leptons via a massive mediator, a significant effects on the anomalous magnetic moments of the leptons is expected. As it is seen in Sec. 2, we suppose a lepton universal coupling for all interactions. Therefore, we consider only the magnetic moment of the muon and ignore weaker constraints on the anomalous magnetic moments of tau and electron.
The prediction for the value of the muon anomalous magnetic moment in SM includes the contributions from virtual QED, electroweak, and hadronic processes. While the QED and electroweak processes account for most of the anomaly, the hadronic uncertainty cannot be calculated accurately from theory alone. It is estimated from experimental measurements of the ratio of hadronic to muonic cross sections in electron-positron collisions [12] . In [13] , it is shown that the measurement can be interpreted to inconsistency with the SM and suggesting physics beyond the SM may be having an effect (or that the theoretical/experimental errors are not completely under control).
Nevertheless, in the community which believe the hadronic uncertainties are under control the discrepancy between experiment and the SM prediction for the magnetic moment of the muon is about [14] - [15] ∆a µ = (7.8 ± 10.48 to 22.1 ± 11.31) × 10 −10 ,
where the error was combined of statistical, systematic and theoretical uncertainty. In this work, we consider above SM deviation and analyze the models contributions to the magnetic moment of the muon. The one-loop contribution of VDMs to the magnetic moment of muon can be classified by [16] - [17] :
where m µ is the muon mass, M φ , M V , M ψ are the scalar, vector and spinor mediator and M X is DM mass. g s , g p , λ s , λ p , y s and y p are couplings of the SM leptons with new fields in accordance with interaction terms of Eq. (2). Fig. 3 depicts allowed range for each case in masses of mediators and couplings which are consistent with magnetic dipole moment of muon.
Comparing Figs. 1 and 3 shows even for loose hadronic uncertainty on anomalous magnetic moment of muon, models 5 and 6 are excluded. This is due to the fact that models 5 and 6 have fewer free parameters than models 1-4 and the conditions for satisfying the relic density bound is more complicated.
Collider Constraints
Constraints on leptophilic DM interaction come from several experiments at LEP, LHC and neutrino beam facilities. Some of the strongest bounds on leptophilic models thus stem from such searches:
1. Four-lepton processes e + e − → l + l − and di-lepton resonance searches in e + e − → l + l − γ which are strongly constrained by LEP measurements. Searches in the framework of these process lead to following bounds on couplings of the models [18] :
The contributions of models 5 and 6 to process e + e − → l + l − arise from a box diagram which depicts in Fig. 4 . Since this contribution for model 5 (6) 2. The production of a µ − µ + from the scattering of a muon-neutrino with heavy nuclei (neutrino trident production: νµN → νµµµN ). Neutrino beam facilities, such as CHARM II collaboration [19] and the CCFR collaboration [20] have been reported detection of trident events and quoted cross-sections in good agreement with the SM predictions. These results strongly limit vector mediator V coupling to muons in model 3 if the V couples to neutrinos g s M V
1 TeV [21] . 3. Searches for mono-photon events at e + e colliders. This signature is characteristic for the process e + e → X X γ. Since the LEP experiments did not observe an excess of mono-photon events beyond the expected background, a limit may be translated on leptophilic models [22] .
It was shown in Ref. [22] that the bounds on four-lepton processes e + e → l + l exceed the limits from mono-photon searches at LEP by about one order of magnitude.
Drell-Yan production via an intermediate vector boson V (in model 3 and 4) or scalar
mediator produced (in model 1 and 2) as bremsstrahlung from a lepton at LHC. The mediator could subsequently decay to combinations of lepton pairs and missing energy transverse (MET).
In Ref. [23] , it was shown that the bounds on couplings are large when m V < m Z and cross section falls rapidly with increasing mass of V . This means the constraints on couplings will be negligible for M V > 100 GeV.
Direct Detection (DD) experiments
In this section, we will discuss the discovery potential of the models via direct DM searches. As it is mentioned, we consider the hypothesis that the vector DM particle X couples directly only to leptons in particular the electrons but not to quarks. Now we consider two types of interactions that arise when a leptophilic vector DM particle interacts in a detector:
1. Vector DM-electron scattering: In [24] it was shown that a new class of of superconducting detectors which are sensitive to O(M eV ) electron recoils from DM-electron scattering. Such devices could detect DM as light as the warm DM limit, m X > 1 keV . In such experiment the whole recoil is absorbed by the electron that is then kicked out of the atom to which it was bound. In our model electron recoil can occur correspond to following Feynman diagrams (see Fig. 5 ).
2. Loop induced Vector DM-nucleus scattering: Although in our assumption DM couples only to leptons at tree level, an interaction with quarks is induced at 1 and 2-loop level, by coupling a photon to virtual leptons. This will lead to scattering of the DM particle off nuclei.
In all cases we assume, the interaction is induced by the exchange of an intermediate particle whose mass is much larger than the recoil momenta that are of order a few MeV. Thus in nonrelativistic limit the elastic scattering cross section of the VDM with electron has following [25] form: (3.12) where µ eX is the VDM-electron reduced mass. Since the models 3 and 4 are excluded by DAMPE electron excess, we ignore them in this study. The last cross section is zero due to the odd number of γ 5 in the trace. We consider upper bound from the XENON100 experiment to search for DM interacting with electrons [26] . With no evidence for a signal above the low background of such experiment, we can constrain parameters space of the models. For axialvector interaction, it has been shown [26] that the cross-sections above 6× 10 −35 cm 2 for particle masses of m X = 2 GeV is excluded. Eqs. (3.12) (3.13) Therefore, even for a mediator mass of 1 GeV and general couplings g = 1, the electron-DM cross section would be very smaller than the XENON100 [26] bounds. This feature depicts in Fig. 8 . Note that DM-electron cross section is too small (e.g., σ DM −e 10 −43 cm 2 for models 1 and 2) to constrain the models. However, these processes are more important for DM masses below O(GeV), where the DM has insufficient kinetic energy to give detectable (keV) nuclear recoil energies.
As it was mentioned, leptophilic DM can, however, scatter with quarks in DD experiments through lepton loops. The leading DM-nucleus interactions arise by charged lepton induced and photon changed at 1-loop level for spinor, scalar and vector exchange through diagrams of the form Fig. 6 . As it was discussed in [25] , from the models satisfying our low-velocity annihilation cross section requirement, for the scalar lepton current (model 1 and 2) the one loop contribution involves the integral over loop momenta of the form: X µ e Figure 5 : DM-electron vertexes for spinor, scalar and vector exchange. where Γ = 1 and γ 5 for model 1 and 2, respectively. The loop integral vanishes for these models,
reflecting the fact that one cannot couple a scalar current to a vector current. Since the model 3 and 4 (5 and 6) have been excluded due to DAMPE experiment (anomalous magnetic moment of muon), we ignore direct detection constraints for them.
DM-nucleus interactions by charged lepton induced and photon changed at 2-loop level for scalar mediator are depicted in Fig. 7 . We calculate this contribution for model 1 which is given in following form: 15) where α em is the fine structure constant, M φ is the mediator mass, is the reduced mass of the DM-nucleus two particle system, v = 0.001c is the velocity of the DM near the Earth, m N , Z and A are the target nucleus mass, charge and mass number respectively.
For model 2 (similar to 1-loop contribution), DM-n cross section is zero due to the odd number of γ 5 in the trace.
The best direct detection limits arise from the LUX [27] , XENON1T [28] , and PandaX-II [29] collaborations. The PandaX-II collaboration published the most stringent upper limit for a WIMP with mass larger than 100 GeV:
PandaX − II : σ SI ≤ 8.6 × 10 −47 cm 2
In Fig. 8 , we show allowed range in parameters space which are consistent with PandaX-II direct detection experiment for model 1. As it has been seen, For M φ 130 GeV the model 1 is excluded by PandaX-II direct detection experiment.
Indirect detection
In addition to DAMPE, there are other constraints on the DM annihilation from other indirect detection experiments such as H.E.S.S. [30] , FermiLAT [31] and IceCube [32] . For models 1 and 2, DM annihilation cross section which can explain DAMPE excess can simultaneously overcome all indirect detection constraint which are fairly weak for a DM mass of a TeV.
Electron-positron spectrum and combined analysis
In this section, we compute the flux of electron-positron by considering both DM annihailation and background contribution. In order to obtain DAMPE electron-positron excess, we assume electron-positron comes from a nearby subhalo with a distance d s = 0.17 kpc. The source function is given by [33] q e (x,
where ρ(x), σv , and dN dE are the DM mass density, the velocity-averaged cross section of the DM, and the energy spectrum of e ± per annihilation, respectively. In our analysis, we assume the NFW profile [34] for the DM mass density in the subhalo,
with ρ s = 90 GeV/cm 3 , r s = 0.1 kpc, and γ = 1 .
The evolution of the electrons and positrons energy distribution, f e , propagating through the interstellar space is
where b(E) = b 0 (E/GeV ) 2 (with b 0 = 10 −16 GeV/s) is the energy loss coefficient. The diffusion factor D(E) parametrized as D(E) = 11(E/GeV ) 0.7 pc 2 kyr −1 . The general solution for time independent f e is given by fluxes of the cosmic ray which arise from several astrophysical sources. To describe the electronpositron background flux, we assume the following formula [35] Φ e ± (E) = φ e − (E) + 1.6φ e + (E) + 2φ s (E), (4.5) where
In above equations, we have used the same parameters as ref. [36] . These parameters are obtained by fitting electron-positron flux measured by the DAMPE experiment using (4.5) functions.
As we mentioned before, model 3 and 4 are excluded because their DM annihilation cross section is too small. Model 5 and 6 are also excluded because the parameter space which can satisfy DM relic density can not simultaneously satisfy constraints from anomalous magnetic moment of muon. However, model 1 and 2 can survive all constraints. In Fig. 9 , we show regions which are consistent with relic density measurement, DAMPE excess, direct and indirect detection experiments for differnt values of coupling in model 1. Note that for anomolous magnetic moment (AMM), we consider stronger upper bound in ref [15] . However (as it is seen), LEP constraint is stronger than AMM. Parameter space of the model satisfying σv ≃ density, AMM, LEP, direct and indirect detection. According to Fig. 9 , strong constraints that determine the parameter space of the model 1 are LEP and DM annihilation cross section. Since, LEP constraint and DM annihilation cross section formulas for models 1 and 2 are similar, we only consider the model 1 in this section. Note that according to our study, there is not any direct detection experimental constraints on model 2. Therefore the same result is true for model 2.
Considering both background and DM annihilation contribution, we have depicted electronpositron flux explaining the observed DAMPE excess for a benchmark point satisfying all constraints on model 1 in Fig. 10 . VDM mass about 1.5 TeV can explain the peak observed by DAMPE experiment only for model 1 and 2. Notice that DM annihilation cross section for models 3 and 4 is too small to produce such a peak and also models 5 and 6 are excluded by considering anomalous magnetic moment of muon and LEP constraints.
Conclusions
We have studied model independent leptophilic VDM candidates to determine which one of them can explain the high energy electron-positron excess event recently observed by DAMPE experiment as well as other constraints from other DM searches. The peak in the DAMPE electron-positron spectrum hints a nearby source for the high energy electron-positron coming from the DM annihilation. To explain such excess, we considered a DM subhalo with NFW profile which is 0.17 kpc away from us. The peak is around 1.4 TeV, however, to account for the inevitable energy loss, we assumed a DM mass of about 1.5 TeV. We have investigated all renormalizable interactions via a massive spin 0, 1/2, and 1 mediator between VDM and SM leptons. We found that only two of six possible models can explain DAMPE excess, and, at the same time, survive all constraints including anomalous magnetic moment of muon, LEP, direct and indirect detections. In models 1 and 2, DM interacts with SM leptons via a scalar mediator.
For M φ < 5000 GeV, we have scanned over parameter space, and found that if M φ ∈ [1500, 3000] these models may explain DAMPE and simultaneously satisfy all experimental constraints.
